Radiation exposure and associated radiation risks are major concerns for fetal development for pregnant patients who undergo radiation therapy or diagnostic imaging procedures. In order to accurately estimate the radiation dose to the fetus and assess the uncertainty of fetal position and rotation, three hybrid computational fetus phantoms were constructed using magnetic resonance imaging (MRI) for each fetus model as a starting point to construct a complete anatomically accurate fetus, gravid uterus, and placenta. A total of 27 fetal organs were outlined from radiological images via the Velocity Treatment Planning System. The DICOM-Structure set was imported to Rhinoceros software for further reconstruction of 3D fetus phantom model sets. All fetal organ masses were compared with ICRP-89 reference data. Our fetal model series corresponds to 20, 31, and 35 weeks of pregnancy, thus covering the second and third trimester. Fetal positions and locations were carefully adapted to represent the real fetus locations inside the uterus for each trimester of pregnancy. The new series of hybrid computational fetus models together with pregnant female models can be used in evaluating fetal radiation doses in diagnostic imaging and radiotherapy procedures.
Introduction
Radiation exposure risks for the fetus are a major concern for pregnant patients who undergo radiation therapy or diagnostic imaging procedures (Martin 2011, Xie and Zaidi 2016) . The number of patients undergoing radiation therapy has increased because of the noticeable improvement in cancer detection, treatment, and survival of patients. However, these patients are at higher risk for secondary malignancies due to their radiation exposure (Kry et al 2007) . These concerns extend to the fetus if the mother is treated with radiation during pregnancy. The AAPM Radiation Therapy Committee Task Group 36 reported in 1995 that up to 4000 pregnant women receive radiotherapy treatment every year in the United States (Stovall et al 1995) . Cancer is the number one cause of death in women aged 35 to 54 years. The most common invasive cancer types in pregnant women are breast cancer, cervical cancer, lymphoma, malignant melanoma, and thyroid cancer (Rimawi et al 2016 , Zagouri et al 2016 .
During many phases of the pregnancy, the fetus is highly sensitive to radiation, and irradiation during these times will increase fetus risks based on the dose-response relationship (Stovall et al 1995) . During the early stages of pregnancy, between gestational weeks 1-7, radiation exposure results in loss of normal cell developments, usually causing the loss of the fetus. If radiation exposure occurs between gestational weeks 8-25, the central nervous Construction of realistic hybrid computational fetal phantoms from radiological images in three gestational ages for radiation dosimetry applications system may be damaged, and the result can include potential fetal developmental delay or IQ reduction (Stovall et al 1995 , Surbone et al 2008 . Although it is impossible to avoid all radiation exposure to the fetus during radiation therapy procedures, shielding the unexposed abdominal region of the mother with a lead-rubber apron can significantly reduce the external radiation dose scatter. This is particularly important between gestational weeks 8-25, but such aprons are not always available (Stovall et al 1995) . The radiation effects on the fetus are not well understood and cannot be predicted with certainty, but it is observed that the severity and frequency of adverse deterministic effects increase with total radiation dose and the probability of their occurrence is directly dependent on radiation dose.
Physical anatomical phantoms for radiological use were first introduced in the 1910s, and models for radiation dosimetry and radiation protection dosimetry in the late 1950s. (Lee and Lee 2006, Xu et al 2007) . Because it is difficult to estimate the total radiation dose received by the human body that has been exposed to external and internal radiation, physicists developed computational phantoms to simulate the human body for dose measurements. Computational anthropomorphic phantoms are classified into three types: stylized phantoms, voxelized phantoms, and hybrid phantoms (Zaidi and Tsui 2009) . Stabin et al (1995) and Chen (2004) introduced the first mathematical stylized human fetus models set at the end of each trimester for nuclear medicine applications. With basic building shapes and simple surface equations, these models are considered very elementary and geometrically flexible. As a result of this simplification, the stylized model lacks appropriate information about organ locations and overall shapes to represent a realistic human body. Voxelized models have become promising only after sufficient advances in computational power and medical imaging technology from the 1980s to the 2000. These voxel-based models use computed tomography (CT) or magnetic resonance (MR) images of humans Tsui 2009, Xie et al 2018a) . A recent study reviewed the construction of voxel-based fetal phantoms of twins at 25 and 35 weeks of gestation who underwent positron emission tomography PET/CT scanning Zaidi 2016, Xie et al 2018b) . The voxelized fetal phantom set was entirely created from a few existing fetuses and newborn models which were scaled to the fetal gestational target. Even though the anatomical details of the voxelized phantom are improved from the stylized model, the fetal organ models were either adopted or scaled to a known parameter, e.g. average volume or mass, resulting in a loss of fidelity to the real patient structures. The resolution of the image slices used to develop those phantoms was limited to 7 mm thickness, causing an inevitable loss of the details of the fetal anatomy (Shi and Xu 2004) . Becker et al segmented a 24 week of gestation fetus from an abdominal MR image of a patient and modified their already existing reference female voxel phantom Katja accordingly to create a virtual pregnant model for dose calculations (Becker et al 2008) .
The third type of computational phantoms, referred to as hybrid phantoms, were first developed by Xu et al in the 2000s (Xu et al 2007) . Hybrid phantoms incorporate organ boundaries and outer body contours described by combinations of polygon meshes. Obtaining whole body images of a pregnant patient is rarely medically necessary, nor practical or ethical due to the potential radiation exposure to the fetus, so hybrid phantoms were needed that took advantage of 3D surface modeling technologies to fill gaps in the voxel-based models. Xu's group released a set of hybrid pregnant phantom models with limited anatomical components derived from one CT image set of a pregnant patient at seven months of gestation. The fetus was scaled to match the International Commission of Radiological Protection (ICRP) standards of weight in order to represent three different gestational ages (Xu et al 2007) . Maynard et al developed the University of Florida (UF) family of hybrid human fetus phantoms (Maynard et al 2014) . While all major soft organs were modeled, a scaling technique was used to construct the other target gestational ages. A recent study developed three hybrid pregnant reference phantoms for nuclear medicine applications (Hoseinian-Azghadi et al 2014, Rafat-Motavalli et al 2016, Rafat-Motavalli et al 2018). The fetal models were generated from CT and MR images of five fetal specimens (8 -28 weeks of gestation) and 2 sets of pelvic MR images from pregnant patients (22 and 38 weeks of gestation) to include 21 different organs.
To date, there is still a need for realistic hybrid computational fetal models developed from patient specific individual medical imaging sets for separate gestational ages to estimate radiation dose. Almost all other previously developed models were either scaled or adopted from one reference model or medical imaging set. As a result, the previous fetal models lack realistic anatomy, positioning, and posture of the fetus in utero.
This work is the first part of a larger project to study the effect of overweight and obesity on dose estimations for pregnant patients for imaging and therapy procedures. The focus of this manuscript is to develop a series of realistic computational fetal phantom model sets derived from pregnant patients at different gestational ages. They can then be used together with pregnant female phantoms to accurately estimate the radiation dose to fetal organs when a pregnant patient receives radiation therapy or diagnostic imaging procedures. The secondary goal of this work is to evaluate how this realistic hybrid phantom compares to the ICRP standard fetal model (ICRP 2002).
Materials and methods

Target fetal ages
A total of three fetal ages: 20, 31, and 35 weeks of gestation were chosen to represent fetal organ anatomical development for the second and third trimesters. Because the pregnant patient does not typically undergo x-ray or CT imaging in the first trimester, very limited image sets were available for early pregnancy. In the one firsttrimester study available (12 weeks of gestation), maternal organs were not well defined, so the image set was excluded from this study. Our target models, therefore, represent the middle second and third trimesters. A total of nine MR sets were used for this study to develop fetal computational phantoms.
Image acquisition
Three computational phantoms were constructed, starting from de-identified high-quality MR images to build a complete anatomically accurate fetus, gravid uterus, and placenta. All radiological images in DICOM format were anonymized under an approved Institutional Review Board (IRB) protocol from Vidant Medical Center in Greenville, North Carolina. All images were screened by an obstetrician-gynecologist to confirm normal anatomy and complete coverage of the fetus before segmentation. The MR images were acquired in a 1.5 T static field strength performed on a Signa HDxt (GE Healthcare). Independent sagittal, axial, and coronal T2weighted scans were performed using typical acquisition parameters including flip angle = 90°, Field-of-view (FOV) = 480, slice thickness/gap = 2/1.3 mm, matrix = 512 × 512 pixels, and voxel sizes (2 mm) 3 .
Image segmentation
Image segmentation was performed to isolate and define several individual organs and structures. The segmentation of MR image sets was performed on a clinical contouring tool using the Velocity 3.1 Treatment Planning System (TPS) (Varian Medical Systems, Palo Alto, CA). The original MR images including the sagittal, axial, and coronal views in DICOM format were directly imported into the Velocity TPS. The anatomical structures of interest were contoured slice by slice and segmented manually; no automatic segmentation was applied to any of the images. The process of contour extraction and 3D surface developing are illustrated in figure 1 . The following structures were identified: uterus, placenta, umbilical cord, fetal body, amniotic fluid, brain, eyes, tooth buds, pituitary gland, thymus, thyroid, tongue, trachea, bronchus, lungs, liver, heart, esophagus, stomach, small intestine, large intestine, kidneys, adrenal glands, pancreas, spleen, spine, spinal cord, urinary bladder, and gallbladder. As for bone structures, only the spine was segmented from MR images for each gestation period. Because the thyroid and adrenal glands could not be confidently identified in the 20-week image sets, models were created and added based on their suitable locations (Isaacson et al 1986 , Nelson et al 1988 . All organ segmentations, locations, and overall shapes were verified and approved by one of the authors (KN).
NURBS and polygon mesh modeling
Once all of the fetal structures were identified and segmented, the DICOM-Structure set was exported from Velocity TPS. 3D Slicer 4.6 (Kikinis et al 2014) was used to generate a 3D polygon mesh in a format called a Wavefront Object (OBJ). The polygon mesh was then imported into Rhinoceros ™ 6.0 (Rhinoceros, McNeel North America, Seattle, WA). Rhinoceros software offers many tools for 3D geometry manipulation, such as deformation, fitting, scaling, volume checking, editing, and surface rendering. These tools were used to create a non-uniform rational basis spline (NURBS) surface for each structure as illustrated in Xu and Eckerman (2010) . The contour and loft commands were used to create a spaced series of planar curves around the outer shape of a given polygon mesh organ along a user-defined axis. The loft command was also used to fit a surface through created profile curves that defined the surface shape from the contours command, wrapping NURBS surfaces around the specified volume. The original polygon meshes were no longer needed after creating NURBS surfaces for many organs. Figure 2 shows an example of using the contour and loft tools to form a 3D NURBS surface representation of the brain, eyes and liver of the 31-week fetus. The following organs were modeled with NURBS surfaces: brain, heart, kidneys, liver, lungs, pancreas, spleen, stomach, thymus, trachea, gallbladder, urinary bladder, pituitary gland, thyroid gland, uterus, and placenta. The fetal body, spine, spinal cord, umbilical cord, tongue, tooth buds, small and large intestines were kept as a polygon mesh due to their complexity or difficulty in approximating them as a NURBS surface. Eyes and lenses were replaced with spherical and ellipsoid objects that matched the initially segmented organs.
Results
Comparing fetal organ masses with ICRP reference values
The complete organ masses and densities of the 20, 31, and 35 weeks fetal phantoms, as well as the ICRP-89 reference masses (ICRU 1992 , ICRP 2002 are presented in table 1. Since the computational phantoms are volume-based, mass densities were required to convert between organ volumes and organ masses. Masses reported in table 1 were obtained from Rhinoceros ™ with much effort taken to keep NURBS surfaces or mesh polygon volumes matched with the same original organ volumes that were obtained from the DICOM-structure file when converting to NURBS surfaces for each fetus model. In addition, the fetal soft tissue densities and fetal organ masses were adopted from ICRP-89 (ICRP 2002) and ICRU Report 46 (ICRU 1992) . The percentage differences between the derived/calculated fetal organ masses and the average values reported in ICRP-89 is also shown in table 1. While total fetal masses are within 10%-20% of the average ICRP-89 reference values, individual organs differ up to a factor 2 in size/mass, for example the heart and lungs. All three mothers were heavy-weight, with the mother with the 31 week fetus obese. This is reflected in the partially large and strong varying values for amniotic fluids, placenta, and maternal uterus. Fetus size and mass were independently estimated in regular prenatal examinations using ultrasound (US) imaging. They are based on measured and visible volumes in these US data and are a rough estimate. US data for the 20 week fetus obtained nine days before the MR images were acquired indicated that the fetus was at the 60th percentile of overall growth with a total mass of 353 g. US data of the 31 week fetus data recorded two days after MR images were taken also indicated that the fetus was larger than average with a total mass of 2223 g, or at the 75 percentile of growth overall. While the 20 and 31 week fetuses were larger than average, US data of the 35 week fetus obtained nine days after the MR images were acquired indicated a total fetus mass of 2630 g which corresponds to the 45th percentile of overall growth. US acquired fetus masses agree well with the calculated values from the MR images and explain the observed variation in the data mass compared to the average ICRP-89 values, as reported in table 1.
Fetus position in utero
The fetal positioning or orientation has not been clearly specified in the radiation dosimetry literature. The fetus is actively mobile throughout the pregnancy with a gradually increasing probability of being encountered in the head-down position as the pregnancy progresses to term. All fetus locations were carefully adjusted to reflect the original fetus position inside the maternal uterus for a realistic and consistent modeling. All fetus models were head down with the 20 weeks of gestation model in the right occiput posterior (ROP) configuration, the 31 weeks of gestation model in the left occiput anterior (LOA) configuration, and the 35 weeks of gestation model again in the ROP configuration, all surrounded by the maternal tissues including the placenta and uterus. A 3D front representation of all three models in head down position is presented in figure 3.
Discussion
In this work, three independent hybrid fetus phantom models were constructed from individual patient-specific MR images. The three models represent 20, 31, and 35 weeks of gestation and are obtained from different patients. Each fetal model contains 27 different organs and tissues segmented from the MR images and modeled with NURBS and polygon meshes. This allows in keeping very small structures for a realistic anatomy and not compromising resolution when voxelizing models. Each fetal model is based on an individual patient-specific data set. Together, they represent a wide variety of realistic fetal anatomy which is changing with gestation. These fetal models are not scaled from each other or normalized to ICRP average values, as it is standard in the majority of other models in the literature to represent gestation age. These hybrid fetus models have many advantages that make them suitable for various applications since they offer the flexibility to maintain the original mesh shapes and the anatomic accuracy by using real medical image sets for each model. Fetus position and orientation can be adjusted easily as shown in the front view head down orientations for all three models in figure 3.
All three fetal phantom models are based on patient-specific MR images and illustrate a wide variety of organ sizes and exact positions, away from the standardized mean. The existing ICRP-89 reference phantoms represent the population average and are designed for prospective radiation protection studies with normalized data to provide recommendations for the general public. However, diagnostic imaging or radiation treatment planing requires patient-specific data for accurate dosimetry and risk assessment. Especially the heavy weight and obese cases will help to better understand limitations and uncertainties associated with these tasks when these fetal models are combined with standard, heavy weight or obese pregnant female phantom models available in the literature.
The fetus phantoms in this work including the NURBS and polygon meshes can be used for future evaluations of the radiation dose and radiation risk to the fetus and fetus organs in radiation protection, medical imaging, and radiation therapy in conjunction with Monte Carlo radiation transport simulations. Hybrid phantoms, including the hybrid fetus phantoms, are used to provide average and extreme geometries for radiation transport calculations.This will allow for better estimate mean doses including uncertainties, and more realistic risks.
Conclusion
These newly developed hybrid fetal computational models at 20, 31, and 35 weeks of gestation, based on real imaging sets of pregnant patients, were composed of NURBS and polygon mesh surfaces which are powerful mathematical tools for phantom construction. NURBS-based fetal hybrid phantoms represent realistic human fetal anatomy and fetal position inside the uterus. The hybrid fetal computational models accurately reflect the existing computational standards from the ICRP and can be useful in evaluating radiation doses to the fetus and estimating risks to the pregnant patient seeking radiotherapy or diagnostic imaging where realistic fetal computational human-based phantoms are required. These newly developed fetus models can also be used for radiation protection purposes to expand its current definition of fetal references of a given population concerning the body weight.
